Bacteriophages are genetic elements that play key roles in the evolution and diversification of bacterial genomes. The Shiga toxin (Stx)-encoding phage plays an important role in the horizontal transfer of the stx gene. However, the influence of the Stx phage integration on the physiological properties and gene expression pattern of the host have not been clearly resolved. In this study, we constructed the Sp5 lysogen through lysogenisation of E. coli K-12 by Sp5, an Stx2 phage in enterohaemorrhagic E. coli (EHEC) O157:H7 Sakai, and examined the effect of the resulting lysogen on cell motility under various growth conditions. Sp5 lysogenisation decreased cell motility and the expression of fliC, which encodes flagellin, under anaerobic conditions at 37∞C. Sp5 also lowered the expression of fliA, which encodes the FliA-sigma factor responsible for the transcription of fliC, and flhD, which facilitates the expression of fliA. Sp5 lysogenisation reduced the amount of FlhD and FlhC expressed from the araBAD promoter, suggesting that one or more genes present in Sp5 represses flhDC at the posttranscriptional level. Flagellin is highly antigenic and triggers an immune response in the host. Thus, Sp5 might enhance its viability by repressing the expression of the flagellar regulon to circumvent the immune response of host cells.
the number of prokaryotic cells (Brüssow and Hendrix, 2002) . Phages adsorb to a specific bacterial cell surface receptor and inject their DNA into the bacterial cytoplasm. The phage DNA is then integrated into the bacterial chromosome to generate a prophage. This phenomenon is called lysogenisation, and it is believed to contribute to the horizontal transfer of virulence genes and antibiotic resistance genes (Brüssow et al., 2004; Wang and Wood, 2016) . Moreover, because prophages can constitute as much as 20% of the bacterial genome, lysogenisation plays an important role in determining differences between individuals within species (Casjens, 2003) .
Shiga toxin (Stx) is the key virulence factor of enterohaemorrhagic Escherichia coli (EHEC), which causes diarrhoea and haemorrhagic colitis, resulting in lifethreatening complications such as haemolytic uremic syndrome (HUS) in human beings (Nataro and Kaper, 1998) . Stx inhibits protein synthesis in host cells and is classified as Stx1 and Stx2, both of which include several subtypes (Scheutz et al., 2012) . The stx genes are present in lambdoid prophages and are located downstream of the phage late promoter (Wagner and Waldor, 2002) . Stx-encoding phages (Stx phages hereafter) play an important role in the horizontal transfer of stx genes. For example, the novel Shiga toxin-producing E. coli serotype O104:H4, which was associated with a widespread and severe foodborne disease outbreak in Germany in 2011, recently acquired the stx2 gene by lysogenisation of an Stx2 phage (Bloch et al., 2012) .
The chromosome of nonpathogenic E. coli K-12 contains some cryptic prophages, which are inactive in terms of cell lysis, phage particle production, and plaque formation (Casjens, 2003) . E. coli strains in which cryptic prophages are deleted are more sensitive to stresses and antibiotics than wild-type strains. For example, E. coli lacking the CPS-53 cryptic prophage exhibits decreased resistance to oxidative stress and reduced gene expression in response to oxidative stress . These Introduction Bacteriophages (phages) are the most abundant living entities on Earth. The number of phage particles in environmental samples is estimated to be 10-fold higher than results suggest that prophages alter the gene expression pattern of the host. The impact of Stx2 phage integration on gene expression in E. coli K-12 has been investigated (Holt et al., 2017; Su et al., 2010; Xu et al., 2012) . However, the influence of environmental factors on Stx2 phagedriven changes in E. coli has not been clarified. Therefore, we constructed the Sp5 lysogen by lysogenisation of E. coli K-12 with Sp5, which is an Stx2 phage of EHEC O157 Sakai Makino et al., 1999) , and examined the effect on cell motility under various growth conditions. Sp5 lysogenisation decreased cell motility and lowered the expression of fliC, which encodes flagellin, under anaerobic conditions at 37∞C. The Sp5 lysogen also decreased the expression of other flagellar regulon genes upstream of fliC. Our results suggest that one or more genes present in Sp5 may repress the expression of the flagellar regulon in response to growth conditions.
Material and Methods
Bacterial strains, plasmids and media. The bacterial strains and oligonucleotides used in this study are listed in Tables 1 and 2, respectively. SKI-5142 is a lac-negative derivative of the EHEC O157:H7 Sakai (Iyoda and Watanabe, 2005) . SKI-5499 is a stx2 negative variant of SKI-5142. MG1655Dlac-Sp5 (Km r ) was constructed by transduction of MG1655Dlac with Sp5 induced from SKI-5499. To construct MG1655Dlac-Sp5, FRT-flanked kanamycin-resistance cassette of MG1655Dlac Sp5 (Km r ) was removed after transformation with pCP20 as described previously (Datsenko and Wanner, 2000) . SM1, which contains a chromosomal fliC¢-lacZ translational fusion gene, was constructed as described previously (Saitoh et al., 2008) using the primer pair sets, fliC¢-'lacZ-5'/'lacZ-pKD13-p4-3' and pKD13-p4/pKD13-p1-fliC-3¢. SM1-Sp5 was constructed by P1 transduction of MG1655Dlac-Sp5 with P1 phage grown on SM1 and selecting for kanamycin resistance. SM2 was constructed by P1 transduction of MG1655Dlac with P1 phage grown on JW0989 (Baba et al., 2006) .
Plasmids pRS-flhD and pRS-fliC are derivatives of pRS414 (Simons et al., 1987) carrying flhD¢-lacZ and fliC¢-lacZ translational fusions, respectively. To construct pRSflhD, a ~0.64-kbp DNA fragment (-606 to +37 relative to the flhD start codon in the O157:H7 Sakai strain) that had been amplified from SKI-5142 genomic DNA by PCR with flhCD+p5¢-p1 and flhDNter3-p1 primers was digested with EcoRI and BglII, and inserted into the EcoRI-BamHI site of pRS414. To construct pRS-fliC, a 0.19-kbp DNA fragment (-151 to +42 relative to the fliC start codon in the O157:H7 Sakai strain) that had been amplified from SKI-5142 genomic DNA by PCR with fliC5¢EcoRI and fliCNter3-p1 primers was digested with EcoRI and BglII, and inserted into the EcoRI-BamHI site of pRS414.
Plasmid pRS414-MCS is a cloning vector containing multiple cloning sites followed by a promoter-less and start codon-less lacZ gene. To construct pRS414-MCS, a ~3.3 kbp DNA fragment carrying the lacZ gene that had been amplified from pRS414 by PCR with SphI-5¢-pRS and HindIII-ter-3¢-pRS primers was digested with SphI and HindIII, and inserted into the corresponding site of pMW218 (Nippon Gene, Tokyo). The resulting plasmid (designated pSM01) and pRS414 were digested with EcoRV, which cleaves once in the coding region of lacZ, as well as EcoRI. A ~1.1-kbp digested DNA fragment (containing 5¢ portion of lacZ) of pSM01 and a ~9.5 kbp digested DNA fragment (containing 3¢ portion of lacZ) of pRS414 were ligated to construct pRS414-MCS.
Plasmids pRS-fliA and pRS-flgA are derivatives of pRS414-MCS carrying fliA¢-lacZ and flgA¢-lacZ translational fusions, respectively. To construct pRS-fliA, ã 0.38-kbp DNA fragment (-320 to +60 relative to the fliA start codon in the O157:H7 Sakai strain), that had been amplified from SKI-5142 genomic DNA by PCR with NheI-5-fliA-p1 and SphI-3-fliA-p1 primers, was digested with NheI and SphI, and inserted into the XbaI-SphI sites of pRS414-MCS. To construct pRS-flgA, a ~0.19-kbp DNA fragment (-155 to +32 relative to the flgA start codon in the O157:H7 Sakai strain), that had been amplified from SKI-5142 genomic DNA by PCR with EcoRI-5-flgA-p1 and SphI-3-flgA-p1 primers, was digested with EcoRI and SphI, and inserted into the corresponding site of pRS414-MCS.
Plasmid pAraDC3F is a derivative of pAraX (Otaka et al., 2011) carrying the entire flhD and flhC-3xFlag coding region under the control of the araBAD promoter. To construct pAraDC3F, another plasmid pTWV-flhDC was obtained at first. This plasmid is a derivative of pTWV228 (Takara) with a DNA fragment containing a flhDC operon and its upstream transcriptional control region and down- stream terminator, and was constructed by insertion of the DNA fragment that had been amplified from SKI-5142 genomic DNA by PCR with EcoRI-FlhDC-Fwd and BamHI-FlhDC-Rev primers. Next, a PCR fragment containing the entire sequence of pTWV-flhDC amplified FlhC-FLAG-sen and FlhC-FLAG-anti primers was selfligated, resulting in pTWV-flhDC3F carrying the flhD and flhC-3xFlag. Then, a ~1.3 kbp DNA fragment ranging from the transcription start site of the flhDC operon to terminator downstream of flhC-3xFlag stop codon was amplified from pTWV-flhDC3F by PCR with XbaI-Fwd-tsFlhDC and Sal-Rev-FlhDC primers and was inserted into the XbaI-SalI site of pAraX, resulting in pAraDC3F. Plasmid pAra-lacZ, a derivative of pAraX carrying the Shine-Dalgarno sequence and coding region of lacZ, was constructed by the insertion of a DNA fragment that had been amplified from pRS415 (Simons et al., 1987) by PCR with XbaI-5-lacZ and HindIII-ter-3¢-pRS primers into XbaI-HindIII site of pAraX.
E. coli cells were grown in LB medium or LB-LS medium (1% Bacto tryptone, 0.5% yeast extract, 0.205% NaCl) supplemented with ampicillin (100 mg ml -1 ) or kanamycin (50 mg ml -1 ). TB-LS (1% Bacto Tryptone and 0.205% NaCl) motility agar plates was prepared by adding 0.25% agar.
Phage preparation and lysogenisation by Sp5. Preparation of Sp5 phage lysate and subsequent lysogenisation by Sp5 were conducted as described previously (Islam et al., 2012) . SKI-5499 was grown overnight at 37∞C in LB medium. The overnight culture was diluted to an optical density at 600 nm (OD 600 ) of 0.03-0.04 with LB. Bacterial cells were further grown for 1 h at 37∞C, and mitomycin C was then added at a final concentration of 1.0 mg ml -1 . After 9 h of incubation, the culture was centrifuged at 12000 rpm for 10 min at 4∞C, and the supernatant was used as the Sp5 lysate. A 100-ml volume of the Sp5 lysate was mixed with 1 ml of freshly grown recipient cells (2.5-3.0 at OD 600 ) in the presence of 10 mM CaCl 2 and incubated at 28∞C for 1 h. The mixture was plated onto kanamycin plates. After overnight incubation at 37∞C, colonies were analyzed by colony PCR with yccJ-to-sp5 and sp5-to-yccJ primers or sp5-to-ycdG and ycdG-to-sp5 primers to confirm their Sp5 lysogeny.
Motility assay. To measure bacterial motility, E. coli cells grown on LB agar plates were spotted onto TB-LS motility agar plates and incubated under aerobic and anaerobic conditions at 37∞C and 30∞C for 11 h. Anaerobic conditions were conducted by using AneroPack kenki (disposable O 2 absorbing and CO 2 generating agent, Mitsubishi Gas Chemical). All assays were repeated eight times.
Assay for b b b b b-galactosidase activity. b-galactosidase activity was assayed as described previously (Iyoda and Kutsukake, 1995) . E. coli cells were grown in LB-LS medium with or without antibiotics at 37∞C. Aerobic cultures were grown in 100-ml Erlenmeyer flasks containing 10 ml LB-LS medium with constant aeration. Anaerobic cultures were grown in 2-ml tubes containing 2 ml LB-LS medium without shaking in anaerobic conditions conducted by using AneroPack kenki (Mitsubishi Gas Chemical). All assays were performed in triplicate and were repeated at least three times.
Western blotting. E. coli cells were grown in LB-LS medium with antibiotics at 37∞C under anaerobic conditions. Proteins in whole-cell lysates prepared from 2 ml of cell culture were analyzed by Western blotting as described previously (Iyoda and Kutsukake, 1995; Iyoda and Watanabe, 2004) . Polyclonal anti-FlhD serum, monoclonal anti-RpoA antibody (Santa Cruz Biotechnology) and polyclonal anti-FLAG M2 antibody (Sigma) were used as primary antibodies, and the bound antibodies were detected using the AttoPhos AP fluorescent Substrate System (Promega). All assays were repeated at least three times.
Results

Lysogenisation of MG1655 by Sp5
To examine the effect of Sp5 lysogenisation on gene expression in E. coli, we transduced E. coli K-12 MG1655Dlac with Sp5, which was induced from an stx negative variant of EHEC O157 Sakai containing a stx2AB::kan cassette, resulting in MG1655Dlac-Sp5 (Km r ). Since Sp5 was originally integrated into the wrbA locus in O157 Sakai (Makino et al., 1999) , we checked whether the introduced Sp5 phage was also integrated into the wrbA locus in the MG1655Dlac-Sp5 (Km r ) chromosome by PCR analysis (Fig. 1A) . PCR products amplified from MG1655Dlac-Sp5 (Km r ) using two primer pairs, which were designed to amplify the segment spanning the junction between Sp5 and the wrbA locus, were the same size as those from the O157 Sakai chromosome (Fig. 1B) , confirming integration into the same chromosomal locus in MG1655Dlac-Sp5 (Km r ) and O157 Sakai. After removal of the stx2AB::kan cassette from MG1655Dlac-Sp5 (Km r ) to generate MG1655Dlac-Sp5, we examined whether the strain had an ability to induce the Sp5 phage. The cell density (absorbance at 600 nm) of the strain dropped from approximately 1.0 to 0.1 when mitomycin C was added to the culture (Fig. 1C) . The resultant lysate formed plaques on a lawn of MG1655Dlac (data not shown), confirming that MG1655Dlac-Sp5 has the ability to induce Sp5.
Sp5 lysogenisation decreases host cell motility under anaerobic conditions at 37∞C
We first compared the growth rate of MG1655Dlac and MG1655Dlac-Sp5 in LB-LS medium at 37∞C under aerobic and anaerobic conditions. In either condition, the growth rate was almost the same (see Fig. 3 ). Next, we compared the motility, which is an easily visible phenotype, of both strains on TB-LS motility agar plates at 30∞C and 37∞C under aerobic and anaerobic conditions. MG1655Dlac-Sp5 exhibited decreased motility compared with MG1655Dlac under anaerobic conditions at 37∞C (Fig. 2C) . However, this reduction in cell motility by Sp5 lysogenisation was not observed under aerobic conditions or at 30∞C (Fig. 2) . These results showed that Sp5 lysogenisation alters the motility phenotype in response to growth conditions.
Sp5 lysogenisation decreases the expression of fliC
Since Sp5 lysogenisation decreased cell motility under anaerobic conditions at 37∞C, we next examined the ef- fect of Sp5 lysogenisation on the expression of fliC that encodes a major component of the flagellar filament. For this purpose, derivatives of MG1655Dlac and MG1655Dlac-Sp5 were prepared in which the chromosomal fliC coding segment from the 15th codon to the stop codon was replaced with a promoter-less lacZ gene, resulting in SM1 and SM1-Sp5, respectively. Both cell types expressed similar amounts of b-galactosidase activity, associated with the fliC-lacZ fusion, under aerobic conditions at 37∞C (Fig. 3A) . However, SM1-Sp5 cells expressed a 2-fold less b-galactosidase activity than SM1 cells under anaerobic conditions at 37∞C (Fig. 3B ). Sp5 lysogenisation did not affect the growth rate in either conditions (Fig. 3) . These results indicate that Sp5 lysogenisation represses fliC expression under anaerobic conditions at 37∞C.
Sp5 lysogenisation represses expression of the flagellar regulon
The flagellar regulon is classified into three hierarchical classes (class 1, 2, and 3) (Chilcott and Hughes, 2000) . Class 1 is a single operon composed of the flhD and flhC genes (Liu and Matsumura, 1994) , which are essential for the expression of all other flagellar genes. Class 2 operons contain genes essential for the formation of the hook-basal body and FliA-sigma factor, and all class 2 genes are responsible for the transcription of class 3 operons (Aldridge and Hughes, 2002) . The components necessary for the formation of the flagellar filament and its associated functions (motility and chemotaxis) are encoded by genes belonging to class 3 operons. Since Sp5 lysogenisation repressed the expression of fliC, which is a class 3 gene, we next examined whether the repressed expression of fliC was caused by a decrease in the expression of class 1 and/or class 2 genes. For this purpose, we constructed a series of plasmids (pRS-flhD, pRS-fliA, pRS-flgA, and pRS-fliC) carrying translational lacZ reporter fusions to flhD (class 1), fliA (class 2), flgA (class 2), and fliC (class 3), expressed from their native promoter. The b-galactosidase activity from the fliC¢-lacZ gene in MG1655Dlac-Sp5 harbouring pRS-fliC was decreased approximately 2-fold, compared with that in MG1655Dlac harbouring pRS-fliC under anaerobic conditions (Fig. 4B) . This result is consistent with that shown in Fig. 3B . The b-galactosidase activity from the fliA¢-lacZ or flgA¢-lacZ gene in MG1655Dlac-Sp5 harbouring pRS-fliA or pRSfliA was decreased approximately 1.8-fold compared with that in MG1655Dlac harbouring pRS-fliA or pRS-fliA, respectively, under anaerobic conditions (Fig. 4B) . Similarly, b-galactosidase activity from the flhD¢-lacZ gene was decreased approximately 1.3-fold under anaerobic conditions (Fig. 4B) . Under aerobic conditions, the extent of the decrease in the b-galactosidase activity from either gene was small (Fig. 4A) . These results indicated that the expression of the flhDC operon was repressed in the Sp5 lysogen, leading to a decrease in fliA expression, and, subsequently, to downregulation of fliC and the flagellar regulon under anaerobic conditions.
Sp5 lysogenisation lowers FlhD and FlhC protein levels
Since Sp5 lysogenisation repressed the expression of the flagellar regulon, we next examined whether the decrease in flhD expression by Sp5 occurred at the transcriptional or post-transcriptional level. For this purpose, we constructed plasmid pAraDC3F, which carries the flhDC operon under the control of the araBAD promoter with a 3¥FLAG tag fused to flhC. The amount of FlhD protein in MG1655Dlac-Sp5 harbouring pAraDC3F grown in LB-LS under anaerobic conditions decreased approximately 2-fold compared with that in MG1655Dlac harbouring pAraDC3F (Fig. 5) . Similarly, the amount of FlhC protein was decreased approximately 2-fold. It was therefore possible that Sp5 lysogenisation repressed transcription from the araBAD promoter. To examine this possibility, we constructed plasmid pAra-lacZ, which carries lacZ under the control of the araBAD promoter. The b-galactosidase activity (697.1 ± 25.0 units) from the lacZ gene in MG1655Dlac-Sp5 harbouring pAra-lacZ was similar to that (731.6 ± 29.3 units) from the lacZ gene in MG1655Dlac harbouring this plasmid, when cells were grown under anaerobic conditions at 37∞C. This suggests that Sp5 lysogenisation had no effect on the araBAD promoter, consistent with repression of the flhDC at the posttranscriptional level.
The extent of decrease in the FlhD/C protein level by Sp5 lysogenisation (Fig. 5) was larger compared to that of the decrease in flhD¢-lacZ expression (Fig. 4B ). This may be ascribed to the difference of promoters as follows: The flhD¢-lacZ was driven by the flhDC promoter, and the transcription from the promoter is inhibited by FliZ (Pesavento and Hengge, 2012) , a regulatory protein encoded by the flagellar regulon. Sp5 lysogenisation decreased the expression of fliZ through the repression of flhDC expression, and this led to an increase in the transcription from the flhDC promoter, antagonizing decrease in flhD¢-lacZ expression. On the other hand, FliZ does not affect the transcription from the araBAD promoter, which controls the flhD and flhC genes used in the experiment shown in Fig. 5 .
Downregulation of the flagellar regulon is not due to destruction of the wrbA gene
It was possible that the decreased expression of the flagellar regulon was caused by destruction of the wrbA gene, which encodes NAD(P)H:quinone oxidoreductases (Andrade et al., 2007) , into which Sp5 was integrated. To examine this possibility, we constructed a derivative of the MG1655Dlac strain in which almost the entire region of wrbA was replaced with a kanamycin resistance cas- FlhD, FlhC, and RpoA in the whole-cell lysates of the MG1655Dlac (Sp5-) and MG1655Dlac-Sp5 (Sp5+) harboring pAraDC3F, which were grown in LB-LS broth containing 0.0002% arabinose at 37∞C for 3 h under anaerobic conditions, were quantified by Western blot analysis using polyclonal anti-FlhD serum, anti-RpoA, or anti-FLAG antibody. Samples were prepared from two bacterial cell cultures. sette. b-Galactosidase activity (746.4 ± 123.8 units) from the fliC¢-lacZ gene in the wrbA mutant harbouring pRSfliC was similar to that (789.2 ± 104.3 units) from the fliC¢-lacZ gene in MG1655Dlac harbouring pRS-fliC under anaerobic conditions at 37∞C. This result, together with those described above, indicates that one or more genes in Sp5 represses the expression of the flagellar regulon.
Discussion
Expression of the flagella is strictly regulated by responses to environmental factors. The expression of flhDC is regulated at the transcriptional and post-transcriptional level by various transcriptional factors and small regulatory RNAs (De Lay and Gottesman, 2012; Oshima et al., 2002; Prüß et al., 2006) , and the stability of the FlhD 4 C 2 complex is tightly controlled by the ClpXP protease (Tomoyasu et al., 2003) . In this study, we showed that lysogenisation of E. coli K-12 by Sp5 decreased cell motility and lowered expression of the flagellar regulon. Since Sp5 lysogenisation also decreased the expression of flhD at the post-transcriptional level, this result suggests that one or more genes present in Sp5 represses the expression of flhDC at the translational level and/or controls the level of the FlhD and FlhC proteins in some other way.
Sp5 lysogenisation decreased both cell motility and the expression of fliC under anaerobic conditions at 37∞C, but not under aerobic conditions or at 30∞C. This result suggests that expression of the Sp5 gene(s) that are involved in the regulation of the flagellar regulon is activated under anaerobic conditions at 37∞C. Many aspects of the metabolic transition between aerobic and anaerobic growth states are controlled at the transcriptional level by the activities of a fumarate reduction regulatory protein (FNR, Salmon et al., 2003) and the two-component regulatory system ArcAB (Salmon et al., 2005) . It is possible that either regulatory system upregulates the relevant Sp5 gene(s) controlling the flagellar regulon, and, conversely, that the Sp5 gene(s) regulates either of these regulatory systems. Indeed, a decrease in cell motility was previously reported for the arcA mutant but not the arcB mutant (Kato et al., 2007) , and this work showed that ArcA is necessary for the expression of fliA, but not for flhDC. However, in the present study, Sp5 lysogenisation repressed the expression of flhD, suggesting that the system regulating the flagellar regulon via Sp5 lysogenisation is likely to be distinct from that involving ArcA.
Given that the growth conditions under anoxia at 37∞C are similar to the environment of the gastrointestinal tract, the repression of fliC expression by Sp5 might occur when E. coli cells enter their animal host. Flagellin, the fliCencoded major subunit of flagella, is highly antigenic and activates toll-like receptor 5, leading to an immune response in the host (Hayashi, F. et al., 2001; Steiner, 2007) . Sp5 might therefore repress the immune response in the host by downregulating flagellin, thereby increasing the viability of the Sp5 lysogen.
EHEC, in common with enteropathogenic E. coli (EPEC), possess the ability to form attaching/effacing (A/ E) lesions, which are characterised by disruption of microvilli and formation of actin-accumulated pedestal-like structures beneath bacteria attached to intestinal epithelial cells in animals (McDaniel and Kaper, 1997) . A/E lesions in animals are caused by the type 3 secretion system (T3SS) and effector proteins that are secreted through the T3SS (Elliott et al., 1998; Nataro and Kaper, 1998) . The T3SS and its associated effector proteins are encoded by the locus of enterocyte effacement (LEE) (Elliott et al., 1998) . When the LEE is expressed, GrlA upregulates the LEE and downregulates the expression of the flagellar regulon (Iyoda and Watanabe, 2005; Iyoda et al., 2006) . Furthermore, it is known that constitutive expression of flhDC reduces the efficient adhesion of EHEC to HeLa cells, suggesting that a gene under the control of FlhD 4 C 2 may be responsible for the diminished adhesion (Iyoda et al., 2006) . Repression of the LEE by Stx2 phage lysogenisation was previously reported not only in EHEC but also in E. coli K-12 lacking the LEE but harbouring a plasmid carrying LEE1 (Xu et al., 2012) . These results, together with our results described in the present work, suggest that Sp5 lysogenisation represses both the expression of the LEE and the flagellar regulon. Because both the T3SS and flagellin can trigger an immune response in the host (Zhao and Shao, 2015) , Sp5 may also decrease expression of the LEE to repress the immune response in the host, leading to a higher lysogen survival rate. Since spontaneous induction of the prophage in the Stx2 phage lysogen occurs to some extent in the gastrointestinal tract (Wagner et al., 2001) , an increase in the viability of the Sp5 lysogen via repression of the immune response might contribute to an elevation of the phage propagation rate.
A study of the impact of lysogenisation by FMin27, an Stx2 phage in EHEC O157:H7 Min27, on gene expression in E. coli K-12 showed that FMin27 lysogenisation altered the expression profile of 166 genes and upregulated genes belonging to the flagellar regulon (Su et al., 2010) . This is in conflict with our current results that showed the Sp5 lysogen decreasing the expression of flagellar genes, compared with non-lysogenic bacteria. The nucleotide sequences of Sp5 and FMin27 differ by about 14%, and the differences may account for the discordance between our results and those of Su et al. (2010) .
E. coli lacking cryptic prophages display decreased resistance to environmental stresses such as osmotic, oxidative, and acid stress, as well as antimicrobial agents . Lysogenisation of E. coli K-12 by F24 B , one of the Stx2 phages, modulates bacterial metabolism and raises antimicrobial tolerance (Holt et al., 2017) . Therefore, phage lysogenisation enhances the survival of the host bacterium in adverse environmental conditions. Since Sp5 alters cell motility and expression of the flagellar regulon in response to oxygen concentration and temperature, we speculate that lysogenisation by the Stx2 phage not only plays a role in the transfer of the stx2 gene but also provides multiple benefits that allow the bacterial host to adapt to various environmental conditions. Phages appear to raise the fitness of lysogenic bacteria, and this has obvious implications for the spread and treatment of bacterial infections.
